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Abstract 
The proton permeability of the mitochondrial inner membrane has been shown to correlate with the fatty acid 
composition of its phospholipids. In this paper, we test the hypothesis that the proton permeability of the phospholipid 
bilayer portion of the membrane depends on phospholipid fatty acid composition. We measured the proton permeability of 
liposomes made from the mitochondrial inner membrane phospholipids of eight vertebrates, representing a ten-fold range of 
mitochondrial proton leak and a three fold range of unsaturation i dex. At a membrane potential (A~0) of 160 mV at 37°C, 
the liposomes all had the same proton leak rate, about 30 nmol protons min- 1 mg- 1 phospholipid. There was no correlation 
between liposome proton permeability and phospholipid fatty acid composition. © 1997 Elsevier Science B.V. 
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1. Introduction 
The passive leak of protons across the mitochon- 
drial inner membrane is an important physiological 
process [1]. It has been observed in isolated mito- 
chondria from a range of animals [2] and tissues [3] 
and in mitochondria within isolated cells [4-6] and 
perfused organs [7]. Mitochondrial proton permeabil- 
ity correlates ignificantly with three major determi- 
nants of metabolic rate: Body mass [2,6,8], thyroid 
status [9,10] and phylogeny [11]. It has been sug- 
gested that part of the mechanistic link between these 
effectors and proton leak may be the fatty acid 
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composition of the mitochondrial phospholipids. 
There is some support for this suggestion: It was 
recently reported that mitochondrial phospholipid 
fatty acid composition correlates with both proton 
leak and metabolic rate in eutherian mammals of 
different body mass [8]. 
Vertebrates exhibit considerable variation in the 
phospholipid fatty acid composition of their tissues 
[12] and mitochondria [8,11]. It was the aim of this 
study to determine whether such variation in mito- 
chondrial membrane composition influences the pro- 
ton permeability of the bulk phospholipid bilayer 
portion of the inner membrane. We recently devel- 
oped methods to prepare mitochondrial inner mem- 
brane phospholipid liposomes without the use of 
detergents and without degradation of phospholipid 
fatty acids [13]. Here, we report the proton leak and 
fatty acid composition of liposomes made from the 
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mitochondrial inner membrane phospholipids of eight 
diverse vertebrate species using these methods. 
2. Materials and methods 
All materials were as previously described [13]. 
The vertebrate species examined were: Rat (Rattus 
norvegicus), rabbit (Oryctolagus cuniculus), mouse 
(Mus musculus), bearded ragon lizard (Pogona vit- 
ticeps, formerly Amphibolurus vitticeps), shingleback 
lizard (Trachydosaurus rugosa), cane toad (Bufo 
marinus), rainbow trout (Salmo gairdneri), and pi- 
geon (Columba livia). New Zealand White Rabbits 
were from internal animal house sources, fed ad 
libitum on Special Diet Services economy rabbit diet 
(Lillico, Bletchworth, UK) and killed by intravenous 
injection of sodium pentobarbitone (30 mg/kg body 
mass). Mice of the ICR strain were from Harlan, 
Bicester, UK. Rats of the Wistar strain were from 
internal animal house sources. Rodents were fed ad 
libitum on Special Diet Services economy rodent 
maintenance diet and killed by stunning and cervical 
dislocation. Bearded dragon and shingleback lizards 
were captured in north-western New South Wales, 
Australia. Cane toads were captured in southern 
Queensland, Australia. Reptiles and amphibians were 
fed meal worms and insects and maintained at 37°C 
for 2 weeks prior to killing by stunning and decapita- 
tion. Rainbow trout were from Shepreth Mill fish 
farm, Royston, Cambridgeshire, UK, fed on Main- 
stream fish diet (Trouw, Longridge, UK) and killed 
by decapitation followed by pithing. Pigeons were 
from an internal animal house source, fed grit and 
wheat (Lillico) and killed by stunning and decapita- 
tion. Water was freely available to all animals. 
Liver mitochondrial inner membranes were pre- 
pared as previously described [13]. Sufficient material 
for single experiments was obtained from either 2 
rabbits, 10 mice, 4 toads, 4 shinglebacks, 4 bearded 
dragons, 2 trout, 1 pigeon or 1 rat. Due to limited 
material from rainbow trout and pigeon, total mito- 
chondria were used instead of inner membranes. In- 
ner and outer mitochondrial membrane fractions from 
rat liver have similar fatty acid compositions [13], so 
we assume that total mitochondrial phospholipids are 
of similar composition to inner membrane phospho- 
lipids. Phospholipids were extracted, liposomes pre- 
pared from these, and their proton leak assayed at 
37°C with an imposed membrane potential of 160 
mV as previously described [13]. Liposomal fatty 
acid composition was assayed as previously de- 
scribed [13]. For comparison, mitochondrial total 
phospholipid liposomes were also prepared from rab- 
bit and mouse, and their proton leak assayed, exactly 
as described in [14]. 
3. Results 
There is a five fold difference in the proton perme- 
ability of liver mitochondria from bearded dragon 
and rat [11], and a two fold difference between rat 
and mouse [2], giving at least a ten fold range of 
mitochondrial proton permeability in the species tud- 
ied here. Table 1A shows the phospholipid fatty acid 
composition of liver mitochondrial (inner membrane) 
phospholipid liposomes from the 8 vertebrates stud- 
ied. In accordance with previous observations [8,11], 
those mitochondria with higher proton leak generally 
have a greater unsaturation i dex, more 22:6n3 and 
20:4n6, and less 18:2n6. Results for pigeon mito- 
chondrial fatty acids agree with recently published 
observations [15]. It should be stressed that the cur- 
rent investigation specifically tests the hypothesis that 
phospholipid fatty acid composition determines bi- 
layer proton permeability, thus the source and exact 
nature of the phospholipids i  relatively immaterial; 
what matters is that they exhibit a range of composi- 
tional differences. Table 1A clearly indicates this is 
the case. 
Fig. l shows the proton permeability of the lipo- 
somes made from these phospholipids by the current 
methods (outlined in [13]). Proton permeability was 
determined atan imposed membrane potential of 160 
mV, and at a range of valinomycin concentrations. In 
all cases, very low concentrations of valinomycin 
(= 10 pM) were sufficient o fully establish mem- 
brane potential, and at higher concentrations (> 10 
riM) secondary valinomycin protonophoric activity 
was evident (see [13] for a detailed explanation of 
this phenomenon). A statistical analysis of covariance 
[16] indicates that there is no significant between 
sample variation (F  = 0.34, 95% confidence limits). 
The average proton leak is 29.2 + 1.2 nmol 
protons/min/mg phospholipid, equivalent to around 
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in liposomes prepared by the current methods [13] 
(cf. Table 1A). At a valinomycin concentration of 
300 nM and an imposed membrane potential of 160 
mV (cf. [14]), the rabbit and mouse liposomes exhib- 
ited proton leaks of 226 +_ 35 and 206 _+ 27 nmol 
protons/min/mg phospholipid, respectively. These 
values are not significantly different (Student's t-test, 
p = 0.7). 
4. Discussion 
Fig. 1. Proton permeability of liposomes prepared from mito- 
chondrial inner membrane phospholipids from 8 vertebrate 
species. Liposomal proton permeability was determined at 37°C 
as described in [12], at an imposed membrane potential of 160 
mV, and a valinomycin concentration sufficient to fully establish 
membrane potential without inducing extra proton leak: 10 pM-3 
nM for all species except rabbit (1-100 pM) and pigeon (10 pM). 
Values are means _+ SEM (number of independent determinations 
in parentheses). Liposomes from S. gairdneri and C. lit,ia were 
prepared from total mitochondrial phospholipids. 
0.12 I~S cm 2, similar to previously reported values 
[13,17,18]. 
From these results, it appears that phospholipid 
fatty acid composition does not influence liposomal 
proton leak. This is in contrast o previous observa- 
tions [14,19]. We have previously examined the ef- 
fects of fatty acid composition on the proton leak 
through liposomes prepared from total mitochondrial 
phospholipids by detergent dialysis [14,19]. The long 
dialysis times resulted in significant degradation of 
labile polyunsaturated fatty acids [19], and it is re- 
ported that residual detergent can affect liposomal 
proton leak kinetics [17]. The experiments also used 
much larger valinomycin concentrations than the cur- 
rent investigation. All of these factors may have 
affected the results. To ensure that the absence of 
previously reported differences in proton leak be- 
tween liposomes of different fatty acid composition 
was not due to different methodology, liposomes 
were also prepared from rabbit and mouse total mito- 
chondrial phospholipids by sonication-detergent dial- 
ysis methods and their proton leak was measured, 
exactly as previously described [14]. The fatty acid 
composition of these liposomes is presented in Table 
lB. The differences in fatty acid composition be- 
tween rabbit and mouse are similar to those observed 
The main conclusion of this investigation is that 
phospholipid fatty acid composition does not affect 
bilayer proton permeability. Assuming that our lipo- 
somes are a reasonable r presentation f the phospho- 
lipid bilayer portion of the mitochondrial inner mem- 
brane, we can conclude that the proton leak through 
this portion of the membrane is relatively constant, at 
about 30 nmol protons/min/mg phospholipid at A ~b 
= 160 mV, irrespective of vertebrate species. The 
development of more sophisticated techniques for 
preparing liposomes and measuring their proton leak 
[13], and the extended species comparison in the 
current study supersedes the conclusions of our previ- 
ous studies [14,19]. 
The finding that normal biological variation in 
phospholipid fatty acid composition has no effect on 
bilayer proton leak has a number of implications 
concerning the relevance of findings from simple 
model phospholipid systems for biological systems. 
For example, although Paula et al. [20] report that 
phospholipid fatty acid side chain length affects lipo- 
somal proton permeability, it is unlikely such a mech- 
anism for modulating proton leak is employed by 
mitochondria, s the current phospholipid fatty acid 
compositional data from a wide variety of vertebrates 
(Table 1A) indicate that average carbon chain length 
does not vary significantly over the range of biologi- 
cally determined compositions. Menger and Aitkens 
[21 ] tested the proton permeability of liposomes made 
from artificial side-chain substituted phospholipids 
and reported that the further a substituted group is 
positioned from the centre of the membrane, the 
greater the effect on proton leak. The size of the 
substituted group did not affect proton leak. O'Shea 
et al. [ 18] report hat high membrane potentials (asso- 
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ciated with higher proton leak) induce membrane 
disorder, and that greatest disorder occurs in the 
region of the phospholipid head groups. These results 
and those of the current investigation suggest hat 
bilayer proton leak may be more sensitive to distur- 
bances in the head group region of the bilayer than in 
the hydrocarbon core of the membrane. 
It is possible that any fatty acid side chain induced 
changes in proton permeability in our liposomes are 
compensated for by changes in phospholipid head 
group composition. This cannot be tested without 
head group compositional data. The relative con- 
stancy of liposomal proton leak in view of the diver- 
sity of sources of liposomes uggest such a possibil- 
ity is unlikely and 'Occam's razor' allows us to 
currently reject this possibility. Further, the well doc- 
umented correlation between phospholipid fatty acid 
composition and mitochondrial proton leak 
[6,8,9,11,14] suggests that such a compensatory 
mechanism does not operate in intact mitochondria. 
The current results have implications for the un- 
derstanding of mechanisms of proton leak in bilayers. 
The favoured model for pure bilayer proton transloca- 
tion is the 'water wire' [22], in which a transiently 
hydrogen bonded chain of water molecules allows 
protons to traverse the bilayer by a series of water 
dipole moment rotations [23]. Our results indicate 
that normal biological variation in phospholipid fatty 
acid composition does not affect proton leak and thus 
would not influence water wire formation in bilayers. 
The hydrogen bonded chain of water molecules in the 
central pore of gramicidin A is thought o represent 
an accurate model of a water wire, with the hydrogen 
bonds stabilised by the delocalised electrons of gram- 
icidin's carbonyl groups [24]. The possibility that the 
delocalised electrons of double bonds in polyunsatu- 
rated fatty acids may stabilise hydrogen bonds in 
phospholipid bilayer water wires is unlikely, as our 
results show the frequency of these double bonds has 
no influence on proton leak rate and thus presumably 
water wire formation. 
That fatty acid composition does not affect liposo- 
mal proton leak, does not preclude it from influenc- 
ing the proton leak in the mitochondrion. One possi- 
bility is that the correlation between mitochondrial 
phospholipid fatty acid composition and proton leak 
could be due to phospholipid fatty acid compositional 
induced changes in the bilayer permeability to other 
cations, which through ion cycling by cation/H + 
antiporters, may cause changes in the proton leak in 
the mitochondrion. For example, Stillwell et al. [25] 
report that 20:5n3 and 22:6n3 content affects the 
cation permeability of liposomes. However, this is 
unlikely to be the case, as Brown and Brand [26] 
report that little if any of rat liver mitochondrial 
proton leak is due to cation cycling, so any changes 
in bilayer cation permeability would have little effect 
on mitochondrial proton leak. 
Another possibility is that mitochondria may con- 
tain something absent from the liposomes that con- 
fers fatty acid compositional sensitivity. This factor 
may be a physical property of the membrane such as 
greater curvature or membrane dielectric onstant, as 
we previously discussed [13], or a more corporeal 
factor such as a particular protein or lipid species. 
There is a consensus that membrane fatty acid com- 
position is able to modulate the activity of membrane 
proteins [27] and, more specifically, the activities of 
the mitochondrial respiratory complexes [28], the 
phosphate transporter [29], the adenine nucleotide 
translocase [30], and the ATP synthase [31]. It seems 
reasonable to suggest that one or more proteins ensi- 
tive to membrane phospholipid fatty acid composi- 
tion might be responsible for mediating mitochon- 
drial proton leak. It is possible that proton translocat- 
ing activity may reside in a specific protein, such as 
the recently discovered uncoupling protein-2 (UCP2) 
[32], or in already well characterised inner membrane 
proteins such as the members of the mitochondrial 
carrier superfamily, which exhibit sequence homol- 
ogy with the UCP of brown adipose tissue [33]. We 
consider it unlikely that such a protein transports 
protons by a fatty acid mediated mechanism, like that 
proposed for UCP 1 [34], as mitochondrial proton leak 
still occurs in the presence of fat-free bovine serum 
albumin to chelate free fatty acids [13]. 
We previously reported that proton leak through 
the phospholipid bilayer portion of the inner mem- 
brane can only account for 5% of mitochondrial 
proton leak in rats [13], though the current observa- 
tion that bilayer proton leak is relatively constant 
between vertebrates while total mitochondrial proton 
leak is not suggests that this proportion may be 
different in other animals. Theoretically, bilayer pro- 
ton leak represents a limit below which mitochondrial 
proton leak (at any given protonmotive force) may 
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not be depressed.  As mitochondr ia l  eak correlates 
with and may be an important  determinant  of  stan- 
dard metabol ic  rate (SMR) ,  this point  may also repre- 
sent an end point  for the depress ion of  SMR.  It 
should be interest ing to see how close animals of  
ext remely  low metabo l ic  rate are operat ing to this 
end point. 
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